Background: Night-shift work is suggested to be associated with an increased risk of breast cancer, but its association with prostate cancer is still controversial. We examined this association by conducting a systematic review and meta-analysis. Methods: Studies were identified by searching PubMed, EMBASE, Ovid, Web of Science, the Cochrane register, and the China National Knowledge Infrastructure databases through December 25, 2014. Summary relative risks (SRRs) with their corresponding 95% confidence intervals (CIs) were calculated using a random effects or fixed effects model. Heterogeneity and publication bias were also evaluated. Results: A total of 2,459,845 individuals from eight published studies were included in this meta-analysis. Analysis of all studies suggested that night-shift work was associated with a significantly increased risk of prostate cancer (RR: 1.24, 95% CI: 1.05-1.46; P=0.011). Sensitivity analysis showed that the association remained significant when repeating the analysis after removing one study each time. Dose-response meta-analysis suggested that an increase in night-shift work of 5 years duration was statistically significantly associated with a 2.8% (95% CI: 0.3, 5.4%, P=0.030) increase in the risk of prostate cancer. There was no significant publication bias. Conclusion: Based on a meta-analysis, night-shift work is associated with an increased risk of prostate cancer. Because of the limited number of included studies and the large level of heterogeneity, further well-designed studies are still warranted to confirm the findings of our analysis.
Introduction
Prostate cancer is the most common cancer and the second leading cause of cancer-related deaths among men, with over 913,000 newly diagnosed cases and over 261,000 deaths in 2008. 1 Apart from some established risk factors, including age, race/ethnicity, and family history, 2 a growing number of other protective and risk factors have been examined. For example, certain vegetables, such as soy and carrot, have been linked to the reduction of prostate cancer risk. 3, 4 There is also some evidence that firefighters may have an increased risk of prostate cancer. 5, 6 In addition to the exposure to toxic combustion products, firefighters' shift work schedule may partly explain this association.
In 2007, the International Agency for Research on Cancer designated shift work involving circadian disruption as a probable carcinogen in humans on the basis of sufficient evidence in vitro studies, but limited evidence in epidemiologic studies. 7 In addition to extensive animal and in vitro studies, the main reason for this classification is evidence from data showing an increased risk of breast cancer among long-term 
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rao et al female night-shift workers (eg, nurses and stewardess), 8, 9 compared with female non-night-shift workers, which was further confirmed by a recent updated meta-analysis. 10 However, the meta-analyses performed by Kamdar et al 11 and Ijaz et al 12 indicated that there was weak or insufficient evidence to support previous reports that night-shift work was associated with an increased risk of breast cancer. It has been suggested that a common mechanism may be shared in hormone-dependent cancers in both men and women, 13 and several studies have investigated the association between night-shift work and the risk of prostate cancer in men. However, the results of these studies were inconsistent. For example, one Japanese cohort study and two Canadian case-control studies have suggested a positive association between night-shift work and the risk of prostate cancer, [14] [15] [16] while three cohort studies conducted in Europe did not support such an association. [17] [18] [19] Given the importance of this potential association in both clinical practice and public health, we performed a meta-analysis of all eligible studies to derive a more precise estimation of the relationship between night-shift work and the risk of prostate cancer.
Methods
This systematic review and meta-analysis was performed according to meta-analysis of observation studies in epidemiology guidelines. 20 
Publication search
We searched EMBASE, PubMed, Ovid, Web of Science, the Cochrane register, and the China National Knowledge Infrastructure databases for studies published from January 1966 to December 25, 2014 . The search strategy included terms for exposure (night shift or night work or shift work or work at night or shiftwork or light at night) and outcome (prostate neoplasm or prostate cancer or prostate tumor). No language restriction was applied. We also checked the cited references from retrieved articles and reviews for additional studies.
inclusion criteria
Articles included in this meta-analysis had to meet all of the following criteria: 1) studies had a cohort or case-control design; 2) one of the exposures was night-shift work; 3) one of the outcomes was prostate cancer risk; and 4) studies provided effect estimates with their 95% confidence intervals (CIs), or data to calculate them. If multiple publications from the same or overlapping populations were available, the most recent or comprehensive information was included in this meta-analysis.
Quality assessment
The quality of each included study was assessed by two investigators using the Newcastle-Ottawa Scale (http://www. ohri.ca/programs/clinical_epidemiology/oxford.asp). This scale is an 8-item instrument used to assess the selection of study population, study comparability, and ascertainment of the exposure or outcome for case-control or cohort studies, respectively. The total score ranged from 0 to 9, and higher scores reflected better methodological quality.
Data extraction
Data were extracted independently by two authors using a predefined data collection form, with areas of disagreement or uncertainty resolved by consensus. For each study, the following information was collected: first author's surname, publication year, the country where the study was conducted, study design, source of participants, definition of exposure, the method of exposure assessment, the number of incident cases, effect size with 95% CI, and covariates adjusted for in the analysis. For studies that reported several multivariable-adjusted relative risks (RRs), we extracted the RR estimate that was maximally adjusted for potential confounders.
statistical methods
RR was used to assess the relationship between night-shift work and prostate cancer risk. Studies that reported measures of odds ratio and hazard ratio were pooled as RRs because the absolute risk of prostate cancer is low. 21 Similarly, standardized incidence ratio was also regarded as RR based on the assumption that the person-time of the at-risk population (night-shift workers) was substantially lower compared to the general population. 11, 22 In night-shift work versus daytime work meta-analyses, pooled RRs and 95% CIs were used to assess the strength of the association between night-shift work and prostate cancer with a fixed model (P$0.10 for heterogeneity) 23 or a random model (P,0.10 for heterogeneity). 24 The significance of the pooled RRs was assessed by the Z-test.
Linear dose-response meta-analyses were also conducted via the method described by Greenland and Longnecker 25 and Orsini et al 26 to calculate study-specific slopes (linear trends) and 95% CIs. Of note, the doseresponse meta-analysis required that studies reported at least three categories of night-shift work. For each study, we assigned the midpoint of the upper and lower boundaries in each category as the average of night-shift work exposure. If the upper boundary of the highest category was not provided, it was assigned to be 25% higher than the lower boundary. 10, 27 Heterogeneity across studies was evaluated by the Q-statistic (significance level at P,0.10) and the I 2 score. 28 Additionally, the Galbraith plot was used to detect the studies that contribute to heterogeneity, 29 and reanalysis was performed by eliminating these studies. To evaluate the robustness of combined estimates, sensitivity analysis was performed by removing one study at a time and recalculating the remaining studies. Cumulative meta-analysis was also conducted through the assortment of studies by publication year. Publication bias was evaluated by Begg's test (rank correlation method) 30 and Egger's test (linear regression method). 31 The trim-and-fill method was also used to address publication bias. 32 All statistical analyses were performed using STATA 11.0 (StataCorp, College Station, TX, USA) and a two-sided P,0.05 was considered significant, except for those specifically indicated.
Results

literature search and study characteristics
We identified eight eligible articles [14] [15] [16] [17] [18] [19] 33, 34 from the databases (Figure 1 ), and these included five cohort studies 14, [17] [18] [19] 34 and three case-control studies. 15, 16, 33 Combined, these studies included 9,669 prostate cancer cases and 2,459,845 participants. These studies were conducted in the following regions: Japan (n=2), 14, 34 Canada (n=2), 15, 16 Germany (n=1), 19 US (n=1), 18 Spain (n=1), 33 and Sweden (n=1). 17 Studies were published between 2006 and 2014. The points of study quality assessed by Newcastle-Ottawa Scale ranged from 6 to 8 (with a mean of 7.25). The characteristics of the eight eligible studies are presented in Table 1 . Figure 2 shows the plots of the pooled risk estimates for night-shift work. We found a significantly increased risk of prostate cancer for night-shift work (RR =1. 24 
Overall and subgroup analyses
evaluation of heterogeneity
In this meta-analysis, the Q-test and the I 2 index were used to evaluate the heterogeneity across studies. As shown in Figure 2 , there was statistically significant heterogeneity among studies (P,0.001, I
2 =81.8%). Through the Galbraith plot, Parent et al's study 16 was identified as the major source of heterogeneity ( Figure S1 ). After removal of this study, the combined RR (95% CI) was 1.06 (1.01-1.11), without significant heterogeneity (P=0.154, I 2 =36.0%).
Dose-response meta-analysis
Three studies 15, 16, 33 provided at least three levels of the duration of shift work and were included in dose-response meta-analysis. As shown in Figure 3 , an increase in nightshift work of 5 years was statistically significantly associated with a 2.8% (95% CI: 0.3, 5.4%, P=0.030) increase in the risk of prostate cancer.
sensitivity analysis and cumulative metaanalysis
Sensitivity analyses were performed after sequential removal of each included study. The results indicated that the significance of the combined estimate was not influenced by any single study (Table S1 ). Cumulative meta-analysis was conducted via the assortment of studies by publication year. As shown in Figure S2 , the effect of night-shift work tended to be significant, and the 95% CIs became increasingly narrower over time, indicating that the precision of the estimates was gradually boosted by the accumulation of more studies.
Publication bias
There was no evidence of study publication bias either with Begg's test (P=0.174) or with Egger's test (P=0.728). The trim-and-fill analysis imputed one missing study (Figure 4) , which would not have altered the pooled result (RR =1.21, 95% CI: 1.03-1.42).
Discussion
The present meta-analysis involved 2,459,845 participants and 9,669 patients with prostate cancer from five cohort and three case-control studies. To the best of our knowledge, this is the first systematic review and meta-analysis to provide a comprehensive assessment of the association between nightshift work and prostate cancer. Overall, the pooled analysis of all included studies supports the idea that night-shift work is associated with an increased risk of prostate cancer (RR =1.24, 95% CI: 1.05-1.46, P=0.011).
Our study has some notable strengths. First, with the accumulated evidence and enlarged sample size, we have enhanced statistical power to derive a more precise and reliable estimation of the relationship between shift work and prostate cancer risk. Second, although marked between-study heterogeneity was observed, the combined estimate of the seven eligible studies was still significant after removal of Parent et al's study, 16 which contributed to heterogeneity. Third, robust results were obtained from cumulative metaanalysis and sensitivity analysis. Fourth, the results of Begg's test, Egger's test, and trim-and-fill analysis indicated no evidence of study publication bias. Fifth, subgroup analysis by study design suggested that the pooled RR was 1.05 (95% CI: 1.00-1.10) for cohort studies without significant heterogeneity (P=0.146). Cohort studies were less affected by recall bias and selection bias when compared with casecontrol studies.
Nonetheless, some important limitations should be discussed. First, the number of included studies was still relatively small. Therefore, considering the low statistical power, we can only cautiously conclude whether heterogeneity between studies or publication bias exists. In this study, significant between-study heterogeneity was detected. 
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The included studies had significant variability in study design, risk estimates, ethnicity, sample size, method of exposure assessment, and adjustment for potential confounders. Heterogeneity may distort the meta-analysis and limit the generalizability of our findings to particular populations. However, given the low statistical power, we were not able to find an explanation from a meta-regression. Second, our studies showed varying levels of bias, especially recall and misclassification bias from exposure assessments. It is well known that the quality of exposure assessment is rather compromising in previous studies, mostly "ever" comparing to "never". In several population-based studies, exposure to night-shift work was estimated by means of job-exposure matrix. In our meta-analysis, the included studies employed very different methods to define the exposure, and no two studies defined their primary exposure variables in exactly the same way, which may have resulted in some misclassification on exposure status and consequently may have caused dilution of the pooled effects when performing data synthesis. 10 Third, not all studies collected or adjusted for common covariates. A meta-analysis cannot solve problems related to confounding factors that could be inherent in the included studies. 35 Residual or unknown confounding can compromise the strength of the exposure-outcome association. Fourth, in subgroup analyses, a considerable portion of the results were not statistically significant, and the 95% CIs of the combined risk estimate tended to be broad due to the limited included studies, so the finding from our metaanalysis must be updated and confirmed when more evidence becomes available in future. Fifth, Gapstur et al's study 18 used prostate cancer death as the outcome of interest, which was different from the other studies. However, as shown in sensitivity analysis, the omission of this study did not change the significance of the combined estimate.
A relationship between night-shift work and the risk of prostate cancer has some biological plausibility. First, the melatonin pathway, which is closely related to circadian rhythms, is most frequently implicated in the observed elevated risk of cancer among night-shift workers. Melatonin appears to prevent cancer development through several pathways, including antioxidation, antimitosis, antiangiogenesis, and the regulation of the immune system. 36 In terms of prostate cancer, previous studies showed that melatonin could directly inhibit the proliferation of prostate cancer cells in vitro and in vivo. 37, 38 Additionally, decreased excretion of melatonin may induce the continuous production of testosterone, which may influence the risk of prostate cancer as the growth and differentiation of the prostate is under androgen control. 39 Second, decreased exposure to sunlight among night-shift workers reduces the production of a biologically active form of vitamin D that is able to suppress prostate cancer cell proliferation, which was also suspected to be involved, 40 although the results of epidemiological studies between vitamin D and the risk of prostate cancer are still controversial. 41 Third, a recent study reported a strong positive association between shift work and elevated prostate-specific antigen levels. 13 There is evidence that prostate-specific antigen levels in serum are a marker of the future risk of prostate cancer development. 42 There continues to be intense interest in the possibility that night-shift work is associated with an elevated risk of cancer. A massive amount of experimental evidence with acceptable quality supported the carcinogenic effects of shift work, and the International Agency for Research on Cancer reported that there was "sufficient evidence" for carcinogenicity in animal models. 7 In humans, the findings to date from numerous epidemiologic studies and meta-analyses support such an association between night-shift work and the risk of breast cancer. [8] [9] [10] However, regarding prostate cancer, the evidence was still limited and inconsistent. Therefore, we performed this meta-analysis, the results of which suggested that night-shift work was positively associated with prostate cancer. A major limitation of our study is the lack of a consistent definition of night-shift work in included studies as discussed above. Not long ago, a "moleculartimetable method" to detect body time using blood samples was developed in animal tests. 43 In the future, if such methods are applied in human beings, the quality of exposure assessments would markedly improve.
In conclusion, our findings support a positive association between night-shift work and prostate cancer risk. Caution is needed in interpreting the results because of the limited number of eligible studies, the poor quality of exposure data, substantial between-study heterogeneity, different effects by study design, and methodological limitations of the existing studies. More future studies involving large, diverse occupational and geographic populations in this area are warranted, given the important public health and policy issues surrounding this topic and the increasing number of night-shift workers.
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Does night-shift work increase the risk of prostate cancer? Figure S2 results from cumulative meta-analysis of the association between night-shift work and prostate cancer risk. Abbreviations: CI, confidence interval; ES, estimate summary. Figure S1 galbraith plot analysis was used to evaluate heterogeneity. Note: it indicated that Parent et al's study 16 was the potential source of heterogeneity.
